The title compound, C 12 H 21 NO 7 , (I), is conformationally unstable; the predominant form present in its solution is the -pyranose form (74.3%), followed by the -and -furanoses (12.1 and 10.2%, respectively), -pyranose (3.4%), and traces of the acyclic carbohydrate tautomer. In the crystalline state, the carbohydrate part of (I) adopts the 2 C 5 -pyranose conformation, and the amino acid portion exists as a zwitterion, with the side chain cyclopentane ring assuming the E 9 envelope conformation. All heteroatoms are involved in hydrogen bonding that forms a system of antiparallel infinite chains of fused R 3 3 (6) and R 3 3 (8) rings. The molecule features extensive intramolecular hydrogen bonding, which is uniquely multicentered and involves the carboxylate, ammonium and carbohydrate hydroxy groups. In contrast, the contribution of intermolecular OÁ Á ÁH/HÁ Á ÁO contacts to the Hirshfeld surface is relatively low (38.4%), as compared to structures of other d-fructose-amino acids. The 1 H NMR data suggest a slow rotation around the C1-C2 bond in (I), indicating that the intramolecular heteroatom contacts survive in aqueous solution of the molecule as well.
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Chemical context
d-Fructosamine derivatives are products of non-enzymatic condensation reactions between d-glucose and biomolecules containing free aliphatic amino groups, such as amino acids, proteins, aminophospholipids, or biogenic amines . d-Fructosamines are thus present in all living systems and in foods. For instance, in healthy humans, about 5% of plasma proteins are decorated with fructosamine residues, while dietary intake of d-fructosamines, primarily in the form of N " -(1-deoxy-d-fructos-1-yl)-l-lysine, has been estimated at 1 g per day. Although the normal physiological functions of d-fructosamines are not understood, a number of bacterial, fungal, and mammalian carbohydrate-processing enzymes (Wu & Monnier, 2003; Van Schaftingen et al., 2012) , transporters (Marty et al., 2016) , and lectins (Mossine et al., 2008) can recognize d-fructosamine, thus implying the participation of this structure in metabolic and signaling processes. Biomedical research has suggested the involvement of dfructosamines in the development of diabetic complications (Wu & Monnier, 2003) , bacterial infections (Ali et al., 2014) , and cancer (Malmströ m et al., 2016) . We and others Rabinovich et al., 2006) have demonstrated the efficacy of synthetic d-fructosamine derivatives as blockers of galectins, a family of tumor-associated lectins. In this context, several structure determinations of biologically active fructo- ISSN 2056-9890 samines have previously been undertaken (Mossine et al., 2007a (Mossine et al., ,b, 2009 (Mossine et al., , 2018 .
As a part of our search for efficient blockers of galectins-1, À3 and À4, we have prepared d-fructose-cycloleucine (I), a structural analog of the galectin inhibitor d-fructose-l-leucine (Mossine et al., 2008) . Here we report on the molecular and crystal structures of (I), with an emphasis on the hydrogenbonding patterns in the structure.
Structural commentary
The molecular structure and atomic numbering are shown in Fig. 1 . The title compound, (I), crystallizes in the monoclinic space group P2 1 , with two equivalent molecules per unit cell. The molecule may be considered as a conjugate of a carbohydrate, 1-amino-1-deoxy-d-fructose, and an amino acid, 1-aminocyclopentane-1-carboxylic acid, which are joined through the common amino group. The -d-pyranose ring of the carbohydrate portion exists in the 2 C 5 or 1C(D) chair conformation, with puckering parameters Q = 0.5763 Å , = 172.71
, and ' = 248.80 . These parameters correspond to a conformation with the lowest energy possible for fructose (French et al., 1997) . The bond distances and the valence angles are close to the average values for a number of crystalline pyranose structures (Jeffrey & Taylor, 1980) . In an aqueous solution of (I), the -d-pyranose anomer dominates the tautomeric equilibrium (Fig. 2) , at 74.3%, as follows from its 13 C NMR spectrum (Table 1) . The acyclic forms are not readily detectable because of their low populations; their presence is suggested based on literature evidence available for other fructosamine derivatives (Table 1) . In the 1 H NMR spectrum of the major anomer, the vicinal proton-proton coupling constants J 3,4 = 9.8 Hz and J 4,5 = 3.4 Hz indicate that atom H4 is in a trans disposition to H3 and in a gauche disposition to H5. Hence, the predominant conformation of dfructose-cycloleucine in solution is also
The amino acid portion of the molecule is in the zwitterionic form, with a positively charged tetrahedral secondary ammonium nitrogen atom and a negatively charged deprotonated carboxyl group. The side-chain cyclopentane ring is, by the atom numbering in Fig. 1 , in the E 9 (envelope on C9) or C s -C -exo conformation, with puckering parameters Q = 0.4220 Å , ' = 254.94 , and pseudorotational parameters (Rao et al., 1981 ) P = 56.9 and = 43.7 for the C7-C8 bond. The ammonium group and all but one (O8) oxygen atoms are involved in intramolecular hydrogen bonding (Table 2) . At the centre of this system are heteroatom contacts between the conjugated carbohydrate and the amino acid portions of the molecule, which involve the carboxylate atom O7, the ammonium atom H1A, the pyranose ring atom O5, and the anomeric hydroxyl group O1-H1O (Fig. 1) . Although the value of N1-H1AÁ Á ÁO7 angle is 99.4
, the distance N1Á Á ÁO7 is 2.702 (2) Å , short enough for this heteroatom contact to Tautomeric equilibrium in aqueous solution of d-fructose-cycloleucine at 293 K and pH 6, as determined by 13 C NMR. Glinsky et al. (1996) ; (c) Mossine et al. (2018) .
Figure 1
The title compound (I) with the atomic numbering and displacement ellipsoids drawn at the 50% probability level. Intramolecular N-HÁ Á ÁO and O-HÁ Á ÁO interactions are shown as dotted lines.
qualify as a strong hydrogen bond. Then the central motif of the intramolecular hydrogen-bonded structure can be described in terms of a compact ring S 2 2 (4) pattern represented by the four-atom O7Á Á ÁH1AÁ Á ÁO1-H1OÁ Á ÁO7 cycle. In the 1 H NMR spectrum of (I), two protons, H1C and H1D, which are attached to C1, produce two distinct signals at 3.332 and 3.199 ppm, with J 1C,1D = À12.8 Hz (Fig. 3) . The non-equivalence of these protons indicates restricted rotation around the C1-C2 and C1-N1 bonds, thus suggesting the intramolecular hydrogen bonding retains this structure in solution.
Supramolecular features
The crystal packing of (I) features infinite chains of antiparallel hydrogen bonds running along the a-axis direction (Fig. 4) . The basic hydrogen-bonding patterns are depicted in Table 2 Hydrogen-bond geometry (Å , ). (3) 2.00 (3) 2.765 (2) 159 (3) Symmetry codes: Table 3 Suspected hydrogen bonds and short C-HÁ Á ÁA contacts (Å , ). Hydrogen-bonding patterns in the crystal structure of (I), as viewed down the c axis. Weakly directional intramolecular hydrogen bonds are excluded from the figure.
described in terms of two chains, C 2 2 (4) and C 3 3 (8). The ammonium proton H1A is involved in a rare five-centered hydrogen bond, involving three weakly directional intramolecular contacts with O1, O5, and O7 (at distances of 2.59, 2.43, and 2.40 Å , respectively) and one intermolecular, shorter (2.00 Å distance) bond with O3. The carboxyl atom O7 is also involved in an unusual multicenter hydrogen bond, by coordinating four surrounding protons at reasonably short distances, 1.97-2.40 Å (Tables 2 and 3 ). This multicentered character of the short heteroatom contacts implies a significant contribution of the electrostatic component (Tao et al., 2017) to the interaction, apparently between the positively charged ammonium group and the negatively charged carboxyl atom O7 (Fig. 6) . Indeed, the C12-O7 bond [1.269 (3) Å ] is significantly longer than the C12-O8 distance [1.243 (3) Å ], suggesting a more polarized character of the former. This may be a consequence of highly differing heteroatom arrangements around the two carboxylate oxygen atoms in the crystal. One, O7, is surrounded by four heteroatoms (O1, O3, O4, N1) at distances qualifying for hydrogen bonds, while O8 has only one heteroatom, N1, located at a short distance.
The Hirshfeld surface analysis (Spackman & Jayatilaka, 2009) revealed that a major proportion of the intermolecular contacts in crystal structure of (I) is provided by non-or lowpolar HÁ Á ÁH interactions (Fig. 7) . Of note, there are three short interatomic contacts of the C-HÁ Á ÁO type (Table 3 , Fig. 6 ) that involve the cyclopentane ring and which may be responsible for conformational stabilization of the ring. In contrast, a number of published cycloleucine structures feature disordered conformations as a result of the ring pucker pseudorotation (Mallikarjunan et al., 1972; Varughese & Chacko, 1978; Santini et al. 1988 ).
Database survey
Searches of SciFinder (2018) (Tarnawski et al., 2007) , 631528 (Mossine et al., 2007a) ], and d-fructose-l-histidine (CCDC 622419; Mossine et al., 2007b) . Although some fructosamine derivatives can crystallize as the -furanose, spiro-bicyclic hemiketal, or acyclic keto tautomers ( Mossine et al., 2007b) , while the trans-gauche conformation was observed in four other structures of d-fructose-amino acids (Table 4) . However, none of these structures, except (I), features the cyclic motif of intramolecular multicentered hydrogen bonding (Fig. 1) , which is supported by a unique direct interaction between the carbohydrate anomeric hydroxyl donor, O1-H1O, and the carboxylate acceptor, O7. In total, there are six intramolecular short heteroatom contacts in the structure of (I), more than in any other dfructose-amino acid structure known to date. Such effect of the 'internalization' of hydrogen bonding in (I) is also revealed in a comparative analysis of the fingerprint plots (Fig. 7) that are based on the calculations of Hirshfeld surfaces (Spackman & Jayatilaka, 2009 ) and delineated into the OÁ Á ÁH/ HÁ Á ÁO intermolecular contacts in the crystal structure of (I). The relative abundance of these contacts in structures of d-fructose-amino acids decreases with an increase in the number of intramolecular hydrogen bonds; this trend is clearly revealed by the data presented in Table 4 . The significant difference between the carboxylate C-O lengths of 0.026 Å in (I) is comparable to the respective bond-length differences noted in other fructose-amino acid structures, including CCDC 1583254 (0.022 Å in molecule B; Mossine et al., 2018) and CCDC 622419 (0.021 Å ; Mossine et al., 2007b) . In the latter two structures, the carboxylate oxygen atoms are involved in close heteroatom contacts unequally, although not to the extent observed in (I).
Synthesis and crystallization
Cycloleucine (2.6 g, 0.02 mol), d-glucose (9 g, 0.05 mol), and sodium acetate (0.82 g, 0.01 mol) were dissolved in 100 mL of a methanol/glycerol (3:1) mixture and refluxed for 3 h. The reaction progress was monitored by TLC on silica. The reaction mixture was diluted with 900 mL of water and passed through a column charged with 80 mL of Amberlite IRN-77 (H + -form). The target compound was then eluted with 0.2 M pyridine, and fractions containing pure (I) were pooled and evaporated. The residue was redissolved in 100 mL of water, decolorized with 0.5 g of charcoal and evaporated to a syrup.
The latter was dissolved in 30 mL of ethanol and made nearly cloudy with the dropwise addition of acetone. Crystallization occurred within a week at room temperature. Yield 3.4 g (58%, based on the starting cycloleucine).
Major -pyranose tautomer peaks (ppm) in 13 
Refinement details
Crystal data, data collection and structure refinement details are summarized in Table 5 . Hydroxyl H atoms were located in difference-Fourier maps and were allowed to refine freely. Other H atoms were placed at calculated positions and treated as riding, with N-H = 0.91 Å , C-H = 0.99 Å (methylene) or 1.00 Å (methine) and with U iso (H) = 1.2U eq (methine or methylene). As a result of the unrealistic value obtained for the Flack absolute structure parameter [À0.4 (4) for 1097 quotients; Parsons et al., 2013] , the absolute configuration of the pyranose ring system (2R,3S,4R,5R) was assigned on the basis of the known configuration for the starting compound d-glucose (McNaught, 1996) .
Acta Cryst. (2019). E75, 1096-1101 research communications Table 4 Conformation, intramolecular hydrogen bonding around the amino group, and contributions of the intermolecular OÁ Á ÁH/HÁ Á ÁO contacts to the Hirshfeld surfaces in N-(-d-fructopyranos-1-yl)-amino acids. SHELXL2017/1 (Sheldrick, 2015) ; molecular graphics: Mercury (Macrae et al., 2008) ; software used to prepare material for publication: CIFTAB (Sheldrick, 2008) and publCIF (Westrip, 2010) .
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Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
